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The aerial refueling hose-and-drogue system is a special case of a generalized aerial cable towed system. The present
work investigates the eﬀect of pertinent parameters such as the cable tension, tow point disturbance and vortex wake
on the dynamic behavior and stability of the generalized model by using the ﬁnite element method with an accurate
and computationally eﬃcient three-noded, curved beam element. The analysis results show that the conventional modal
and spectrum analysis method is inappropriate for the dynamic stability analysis of the aerial cable towed system. This
is because the mechanism of instability due to the tow point disturbance is not the resonance of the aerial cable towed
system but the wave propagation downstream along the cable absorbing energy from the airﬂow when the wave propaga-
tion speed is less than the airﬂow speed. The study also demonstrates that the vortex wake has a signiﬁcant impact on the
dynamics of the aerial cable towed system. The short cable system will orbit with the vortex and the orbiting behavior will
diminish as the cable length increases.
 2007 Elsevier Ltd. All rights reserved.
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By far the most common method for in-ﬂight refueling is the probe-and-drogue system, in which a tanker
aircraft deploys a hose behind it with a drogue on the end of the hose (a meshwork cone whose drag keeps the
hose in a stable position). A receiving aircraft approaches the drogue with a probe, which is inserted into the
drogue to link the fuel systems. It is reported that the hose-and-drogue system suﬀered a 2.5% failure rate in
operation (Gates and McCarthy, 2000). Most of the incidents occur when the hose becomes slack and loses the
stabilizing eﬀect of hose tension due to: (i) a malfunction of the hose reel mechanism failing to take up the
slacking hose, (ii) unstable motion of the tanker, (iii) vortex induced wake behind the tanker, and (iv) poor
design of the drogue, to name just a few. As a result, the hose becomes unstable, high tension spikes are gen-0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.05.026
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These accidents motivate the current study to characterize the dynamics of the aerial hose-and-drogue refu-
eling system in order to improve the safety of aerial refueling operation and potentially save lives and costs
related to the accidents and damages.
2. Statement of problem
2.1. Generalized model of aerial refueling hose and drogue
The aerial refueling hose-and-drogue system consists of three sub-systems: (i) the hose handling system, (ii)
the hose, and (iii) the drogue. A generalized model of the system can be derived by rationalizing the charac-
teristics of each sub-system. First, the handling system is a hydraulically controlled winch system inside a pod
that is mounted on a tanker aircraft. The pod stores, deploys and controls the positions of refueling hose and
drogue relative to the probe of a receiving aircraft by either reeling-in or paying-out the hose in response to the
variation of hose tension. The motion of a pod consists of the global rigid-body movement and the local struc-
tural deformation of the tanker. Because the mass and the size of a tanker are generally several orders higher
in magnitude than the hose and drogue, it is reasonably assumed that the motion of a pod is independent of
the motion of the hose and the drogue. Therefore, the handling system can be idealized as a tow point with a
prescribed motion. Second, the hose transfers fuels from the tanker to the receiver and serves as a tension
member to tow the drogue. It usually has a very large ratio of length over diameter. For instance, the ratio
of a typical refueling hose is over 350 (Vassberg et al., 2002). Therefore, the hose can be idealized as an elastic
cable subjected to the primary environmental eﬀects such as the free stream velocity and the vortex wake gen-
erated by the tanker aircraft. Finally, the drogue is a ﬁtting attached to the end of the hose to provide (i) a
coupling point with the receiving aircraft’s probe, and (ii) a suﬃcient drag to stabilize the hose. Considering
the ratio of the hose length over the drogue’s dimension, the drogue can be reasonably simpliﬁed as a lumped
point mass called towed body. Thus, the aerial refueling hose-and-drogue system can be idealized as a general-
ized aerial cable towed system with a prescribed motion at the tow point, as illustrated in Fig. 1. Based upon
the above reasoning, the pertinent parameters for the dynamics of an aerial cable towed system can be out-
lined as the followings:
(i) drag, weight and mechanical properties of the cable,
(ii) drag and weight of the towed body,
(iii) prescribed motion at the tow point,
(iv) disturbance at the towed body due to the coupling between the drogue and the probe, and
(v) vortex wake behind the tanker aircraft.V0
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x2
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Fig. 1. Idealization for generalized model of aerial cable towed system.
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A general cable system may be divided into two main groups: the low tension cable systems and the high
tension cable systems depending on whether the cable is used for load bearing or not. The aerial refueling
system uses the hose to transfer fuels from one aircraft to another and can be classiﬁed as a low tension
cable system. The term of ‘‘low tension cable’’ refers to a class of cable systems in which a cable is subjected
to a very small and/or dynamically ﬂuctuating tension that may vanish anywhere along the cable length. A
comprehensive body of knowledge exists in dealing with the taut cable dynamics (Etkin, 1998). However,
signiﬁcantly much less has been accomplished in the dynamic and stability analysis of the low tension cable
system, where the most of existing approaches simplify the cable as a tension member that cannot resist
compressive, bending and torsional loads. Unlike the highly tensioned cable where the cable tension is sev-
eral orders of magnitude higher than its bending and torsional moments, the fundamental mechanism of
energy propagation in a low tension cable is changed from the membrane dominant state to the bending
dominant state (Burgess, 1992; Howell, 1992). The classic cable theory provides inaccurate results in the
low tension region and suﬀers a singular problem when the cable tension disappears anywhere along the
cable. The limitations of the existing approaches have motivated the studies (Burgess, 1992; Howell,
1992; Koh et al., 1999; Buckham and Nahon, 1999; Zhu et al., 2001; Wu et al., 2003; Buckham et al.,
2004; Zhu and Meguid, 2006a,b) for alternative approaches to alleviate the singularity problem associated
with the classic cable theory by adding such eﬀects as artiﬁcial damping, higher order terms, and bending
stiﬀness of cable. For instance, Zhu et al. (2001) tried to avoid the singular problem by adding artiﬁcial
damping to their cable element in modeling the cable towed sonar system, where a resonant vibration of
the cable and sonar body may occur due to the random motion of the surface towing ship at low or zero
towing speed. Among all the alternative solutions, however, only the approach based on the beam bending
theory is a natural extension of the classic cable theory and has a sound theoretical foundation and physical
meaning. Burgess (1992) and Howell (1992) modeled a low tension cable using a simpliﬁed 2D curved beam
theory for an underwater cable system. Koh et al. (1999) studied a free fall cable experimentally and numer-
ically using the same curved beam theory with ﬁnite diﬀerence method. Wu et al. (2003) studied the planar
vibration of a slacking cable using the Bernoulli beam theory. Buckham et al. (2004) proposed a 3D curved
cable element with bending and torsional stiﬀness specially designed for the marine application. Zhu and
Meguid (2006a,b) developed a generic 3D curved beam element using Love’s curved beam theory to study
the dynamics of low tension cables and the coupling process of refueling hose and drogue. Special treatment
was developed in the new element to eliminate the membrane locking which is commonly associated with
the curved beam elements.
The modeling of the low tension cable system with a realistic and robust description of cable dynamics inev-
itably leads to a complex mathematical problem and consequently requires numerical solution techniques. The
ﬁnite diﬀerence (FD) and the ﬁnite element (FE) methods are the most common numerical procedures used in
engineering analysis. The FD method approximates the governing equations of the cable by some diﬀerence
equations along its length. Solutions of the cable dynamics using FD are very popular and predominant in the
dynamic analysis of cable systems because of their mathematic simplicity; see the works of Buckham and
Nahon (1999), Burgess (1992) and other researchers (Howell, 1992; Koh et al., 1999). However, the FD
method is problem speciﬁc and cannot be implemented in general-purpose analysis programs for complex
geometries with multiple cable branches or diﬀerent cable properties along the cable length. The FE method
is probably the most appealing technique among all numerical methods, although its mathematical formula-
tion processes are usually more complicated than FD method. However, the FE, once established, is capable
to handle the diﬀerent and complex cable systems in an algorithmic fashion without re-formulation, allowing
for its implementation in general-purpose analysis programs. Therefore, the authors decided to employ the FE
method to model the generalized aerial cable towed system using beam theory.
There are many types of ﬂexible beam elements available in the literature for modeling the cable (Schreﬂer
and Odorizzi, 1983). The simplest one is the two-noded straight element. The straight element, however, vio-
lates the slope continuity condition of a slacking cable by discretizing the curved cable into straight segments.
As a result, excessive bending stiﬀness or membrane locking becomes prevalent (Bucalem and Bathe, 1995).
Curved beam elements, which are based on the curvilinear strain ﬁeld description, have an advantage
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However, the formulation of curved beam elements is not a simple extension of the straight beam elements
because of the so-called locking problem. For instance, the earliest curved beam elements exhibited excessive
bending stiﬀness when using the independent C0-continuous axial and C1-continuous transverse displacement
functions (Cantin and Clough, 1968). Stolarski and Belytschko (1981) and Prathap and Bhashyam (1982)
pointed out that the locking in the curved beam element was due to the independently interpolated axial
and bending displacement functions unable to recover correct constraints from the zero membrane strain
of pure bending state. Later, Prathap and Bhashyam (1986) developed a concept of coupled consistency dis-
placement ﬁelds where the axial displacement is required to be one order higher than the transverse displace-
ment. It can predict a priori any poor convergence due to the locking and yield high accuracy. Recently, more
works have been done to improve its computational eﬃciency. Detailed reviews of the locking-free curved
beam elements can be found in the works of Raveendranath et al. (2001) and Kulikov and Plotnikova
(2004). In addition to the locking, the problem is further complicated by the fact that the aerial refueling hose
will experience very large rigid body motion and small elastic deformation simultaneously. To authors’ knowl-
edge, no attempt has been made to extend the method of coupled consistency displacement ﬁelds to the geo-
metric nonlinear analysis. The incremental update Lagrangian (UL) method has the advantages in handling
the large displacement and rotation because (1) it reduces the non-commutativity of large spatial rotations
into the additive incremental rotations, and (2) it simpliﬁes the state update procedures. Although the incre-
mental UL formulation requires small time steps in order to keep the incremental rotations small and additive,
the real time step is actually dictated by the stability requirement of the numerical integration, which eﬀec-
tively satisﬁes the requirement of small incremental rotations. Based on the above rationale, Zhu and Meguid
(2006a,b) recently proposed a new three-noded locking-free curved beam element using the lower order, cou-
pled and consistent axial and transverse polynomial interpolations to achieve higher accuracy, faster conver-
gence rate and better computational eﬃciency. In this paper, the new curved beam element was used to study
the dynamic characteristics of the aerial refueling hose-and-drogue system by examining its response to tow
point disturbances and vortex wake excitation.3. Finite element formulation of generalized aerial cable towed model
The generalized model of aerial cable towed system is analyzed by the ﬁnite element method where the hose
is modeled by the curved beam elements and the towed body is simpliﬁed as a lumped mass element. The
geometry of the curved element is characterized by its length L and natural curvature j while the position
and the orientation of the curved element in space is described by its nodal coordinates Xi (i = 1,2,3) in a glo-
bal Cartesian coordinate system as shown in Fig. 2. The incremental translational and rotational displace-
ments of the neutral axis tu1, tu2, t u3, th1, th2, th3 with respect to time t conﬁguration are shown in the
curvilinear coordinate system in their positive directions.
The incremental Green–Lagrange strain vector in the curved beam can be expressed in terms of membrane
and torsional shear strains byDe ¼ fDE11;DE13;DE23g ¼ fDe x1ðDx2  2jDeÞ þ x2Dx1;x2Dg=2; x1Dg=2g ð1Þ1
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Fig. 2. Three-dimensional curved beam element in curvilinear coordinates.
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expressed in terms of the displacements of beam’s neutral axis,De ¼ Du3;3  jDu1þ 1
2
ðDu1;3 þ jDu1Þ2 þ ðDu2;3Þ2 þ ðDu3;3  jDu1Þ2
h i
ð2aÞ
Dx1 ¼ Du2;33 þ jDh3þDh3 Du1;33 þ 2jDu3;3  j2Du1
 þ Du2;3 Du3;33  2jDu1;3  j2Du3  ð2bÞ
Dx2 ¼ Du1;33 þ jDu3;3þDh3Du2;33  Du1;3 þ jDu3ð Þ Du3;33  2jDu1;3  j2Du3
  ð2cÞ
Dg ¼ Dh3;3 þ jDu2;3þjDh3 Du1;3 þ jDu3ð Þ þ Du2;3 Du1;33 þ jDu3;3ð Þ ð2dÞwhere the underlined terms in the above expressions are the nonlinear parts of the incremental membrane
strain and curvature rates of the neutral axis due to the large displacements and rotations.
Assume the displacement interpolations for the three-noded curved beam element can be written as,Du1 ¼ a0 þ a1x3 þ a2x23 þ a3x33 þ a4x43 þ a5x53 ð3aÞ
Du2 ¼ b0 þ b1x3 þ b2x23 þ b3x33 þ b4x43 þ b5x53 ð3bÞ
Du3 ¼ a6 þ a7x3 þ a8x23þj3a2x33 þ j4a3x43 þ j5a4x53 þ j6a5x63 ð3cÞ
Dh1 ¼ b1  2b2x3  3b3x23  4b4x33  5b5x43 ð3dÞ
Dh2 ¼ ða1þja6Þ þ ð2a2þja7Þx3 þ ð3a3þja8Þx23 þ 4a4þj
2
3
a2
 
x33 þ 5a5þj
2
4
a3
 
x43þj
2
5
a4x53 þ j
2
6
a5x63 ð3eÞ
Dh3 ¼ b6 þ b7x3 þ b8x23jb3x33  jb4x43  jb5x53 ð3fÞwhere ai and bi (i = 0–8) are the coeﬃcients of the interpolation functions and the underlined terms are the
coupling terms due to the beam’s curvature.
By substituting the displacements Du1 and Du3 into Eq. (2a) and ignoring the higher order terms, the pure
bending condition implies the zero membrane strain and can be written as,De ¼ a7ja0 þ ð2a8ja1Þx3  0 ð4Þ
where the underlined terms are the contributions from the axial displacements while the others are the con-
tributions from the bending displacement, respectively.
Due to the orthogonality of Legendre polynomial coeﬃcients, Eq. (4) leads to the constraint equations as
the followings,a7ja0 ¼ 0; 2a8ja1 ¼ 0
Each of above constraint equations contains the contributions from both the axial and bending displacements.
It prevents the trivial or zero solutions of the coeﬃcients which will result in excessive bending stiﬀness – mem-
brane locking as per Stolarski and Belytschko (1981) and Prathap and Bhashyam (1982).
The displacement ﬁelds in Eq. (3) can be further expressed in the matrix form by applying the displacement
boundary conditions at each nodes, such that,fDug ¼ ½Afqg ¼ ½A½CfDueg ð5Þ
where {Du} = {Du1,Du2,Du3, Dh1,Dh2, Dh3}
T is the displacement vector, {q} = {a0, . . .a8, b0, . . .b8}
T is the vec-
tor of polynomial coeﬃcients, {Due} = {D u11, Du21, Du31, Dh11, Dh21, Dh31, Du12, Du22, Du32, Dh12, Dh22, Dh32,
Du13, Du23, Du33, Dh13, Dh23, Dh33}
T is the vector of nodal displacements, [A] and [C] are the transformation
matrixes between {Du} and {Due}, respectively.
With Eq. (2), the incremental principle of virtual work in the updated Lagrangian description can be writ-
ten as
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X2
i¼1
EIiDxLidDxLi þ GJDgLdDgL
 !
dx3
þ
Z
L
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þ
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X3
i¼1
fidDuidx3 ¼ 0 ð6Þwhere the subscripts L and N represents the linear and nonlinear parts of the strain, T and Mi (i = 1,2,3) are
the tension, bending and torsional moments, E and G are Young’s and shear modulus, A,Ii (i = 1,2) and J are
the area, principal and polar inertia moment of beam’s cross section area, q is the material density of beam,
fi(i = 1,2,3) are the distributed forces along the beam, respectively. The ﬁrst integrant in Eq. (6) represents the
incremental strain energy while the second integrant representing the stiﬀening eﬀect of the current internal
forces such as tension, bending and torsional moments due to the large displacements and rotations. The last
two integrants are the works done by the inertial of the element and the external loads, respectively.
In the case of aerial cable towed system, the distributed forces along the cable are the gravity, the aerody-
namic drag, and the inertia force of the added mass of air surrounding the cable. The eﬀects of the aerody-
namic drag and the added mass can be expressed as, such that,fn ¼ fnðhÞ qaD
2
_u2 þ CmqaA€un; f t ¼ ftðhÞ
qaD
2
_u2 ð7Þwhere fn and ft are the normal and tangent components of the aerodynamic forces, fn(h) and ft(h) are the nor-
mal and tangent loading functions of the drag, h is the angle of attack, _u is the cable velocity, u¨n is the normal
component of cable acceleration, qa is the density of air, D is the cable diameter, Cm is the added mass coef-
ﬁcient of cable, and A is the cross section area of cable, respectively.
For a circular section cable, the added mass coeﬃcient is unity (Cm = 1) and the aerodynamic loading func-
tions from Etkin (1998) were used to evaluate the drag force acting on the cable, such that,fnðhÞ ¼ 0:02 sinðhÞ þ 1:18 sin4ðhÞ þ 1:18 sin2ðhÞ cos2ðhÞ
ftðhÞ ¼ 0:02 cosðhÞ ð8Þwhere the subscripts n and t represent the normal and tangent components of the drag force, respectively.
By substituting Eqs. (2,3,5,7,8) into Eq. (6), we derive the discretized ﬁnite element equation of motion of
the curved beam element, such that,ð½M þ ½MaÞfD€ug þ ½CdfD _ug þ ð½KL þ ½KN ÞfDug ¼ fDFg ð9Þ
where [M] and [Ma] are the mass matrixes of the beam and the added mass of air, [Cd] is the viscous damping
matrix due to the air drag, [KL] and [KN] are the stiﬀness matrixes due to the strain and the stiﬀening eﬀect of
current internal forces, fD€ug; fD _ug; fDug are the incremental acceleration, velocity and displacement vectors,
and {DF} is the incremental external load vectors, respectively.
It is worth to point out that the mass and stiﬀness matrixes in Eq. (9) can be calculated analytically. Hence,
the expensive numerical integration commonly used in the FE method is eliminated to achieve in higher com-
putational eﬃciency.
If we consider the viscous damping eﬀect of beam material, the total viscous damping matrix in Eq. (9) can
be expressed as½C ¼ ½Cd þ a½M þ b½KL ð10Þ
where a and b are the Rayleigh damping coeﬃcients related to the modal damping and frequency of the cable byaþ x2i b ¼ 2nixi ð11Þ
where ni and xi are the ith modal damping ratio and frequency, respectively.
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mation of the Rayleigh damping coeﬃcients. However, it is a common practice in engineering application
(Zhu and Meguid, 2007) to use the lower and upper cutoﬀ frequencies of the cable system and the correspond-
ing modal damping ratios to deﬁne the values of the Rayleigh damping coeﬃcients, such that,a ¼ 2x1x2 x2n1  x1n2ð Þ
x22  x21
b ¼ 2x2n2  x1n1
x22  x21
ð12Þwhere x and n are the modal frequency and damping ratio and the subscripts ‘1’ and ‘2’ are the lower and
upper bounds of the frequency region in interest, respectively.
The equation of motion Eq. (9) will be solved numerically by the Predictor-Corrector method using New-
mark (1959) time stepping scheme with Newton–Raphson iteration (Hughes et al., 1979). The process of the
Predictor-Corrector method may be outlined as follows:
(i) Predict displacement {t+Dt ui}, velocity ftþDt _uig, and acceleration ftþDt€uig at time t + Dt byftþDtuig ¼ ftþDt~ug ¼ ftug þ ft _ugDtþ 1
2
 k
 
Dt2ft€ug ð13Þ
ftþDt _uig ¼ ftþDt~_ug ¼ ft _ug þ 1 cð ÞDtft€ug ð14Þ
ftþDt€uig ¼ ftþDt~€ug ¼ f
tþDtuig  ftþDt~ug
kDt2
¼ 0 ð15Þ(ii) Form eﬀective stiﬀness matrix [Ke] and calculate residual force vector{DRi}½K e ¼ 1bDt2 ð½M þ ½MaÞ þ
c
kDt
½C þ ½KL þ ½KN ð Þ ð16Þ
fDRig ¼ ftþDtFg  ftþDtF tþDtui
 g ð17Þ(iii) Solve for correction {Dui} to the displacementsfDuig ¼ ½K e1fDRig ð18Þ
(iv) Correct previous solutions of displacement, acceleration and velocity byftþDtuiþ1g ¼ ftþDtuig þ fDuig ð19Þ
ftþDt€uðiþ1Þg ¼ f
tþDtuðiþ1Þg  ftþDt~ug
kDt2
ð20Þ
ftþDt _uðiÞg ¼ ftþDt~_ug þ DtftþDt€uðiþ1Þg ð21ÞIf the residual force or the displacement correction is less than the prescribed tolerance, stop the iteration
process and advance to the next time step. Otherwise, replace i by i + 1 and resume iteration with Eq. (16). In
the above equations, the c and k are the Newmark’s time integration parameters and can be determined byc ¼ 3 q1
2 1þ q1ð Þ
; k ¼ 1
1þ q1ð Þ2
ð22Þwhere q1 is a spectral radius representing the numerical damping in the high frequency limit (usually user-de-
ﬁned high frequency dissipation and application dependent). This numerical dissipation varies from no dissi-
pation q1 = 1, to the so-called asymptotic annihilation q1 = 0.
Finally, we validated the accuracy and eﬃciency of the current element by analyzing the pure bending of an
initially straight cantilever beam as shown in Fig. 3. The analytical solution (Shafr, 1999) shows that the
deformed beam will form a circle of curvature of j =M/EI, and the tip displacements areu ¼ EI
M
sin
ML
EI
 
 L v ¼ EI
M
1 cos ML
EI
  	
ð23Þ
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Fig. 3. Comparison of tip displacements and rotation of cantilever beam.
8064 Z.H. Zhu, S.A. Meguid / International Journal of Solids and Structures 44 (2007) 8057–8073where EI and L are the bending rigidity and the length of the beam, and j is the curvature of the deformed
beam, respectively. The same problem has been studied by Lo (1992) and many other researchers with eight
straight beam elements (27 D.O.F). In the present study, only two three-noded curved beam elements (15
D.O.F.) were used to model the cantilever beam. The dimensionless results of present analysis are shown in
Fig. 3 together with the analytical and Lo’s (1992) numerical results. Note that the load factor is f = LM/
pEI. With only two current elements, the present results agree with the theoretical solutions even in the range
of very large displacement and rotation, where the beam is bent into a circle, by using 60 equal load incre-
ments. Compared with the results of Lo (1992) it has been shown that the present results agree with the the-
oretical solutions better in very large displacement and rotation situation.4. Dynamic analysis of generalized aerial cable towed model
Consider a cable of 61 m (200 ft) long with a towed body on the end of the cable. The mechanical properties
of the cable and the towed body are given in Table 1.4.1. Qualitative stability analysis of generalized model
Assume that the cable and the towed body are towed horizontally at V0 = 39, 77, 103 and 129 m/s (75, 150,
200, and 250 knots), respectively. The cable was modeled by 30 three-noded curved beam elements and the
towed body is modeled as a lumped mass. First, the analyses of the steady state conﬁgurations of the general-
ized model have been carried out by running the simulation with the tow point ﬁxed in space with an incoming
airﬂow at given speed. The ﬁnite element discretization of the cable results in the smallest model period of
0.0013 s in the ﬁnite element model. A stable time step needs to be about one-tenth of the smallest period
(Bathe, 1982). Thus, the time integration step was set to 104 s for our ﬁnite element analysis. The spectral
radius for the numerical damping was q1 = 0.95 to avoid the numerical instability of Newmark integrator
Table 1
Characteristics of generalized model
Cable Towed body Air densityqa
(kg/m3)
Dia D
(mm)
Eﬀective area
A (m2)
Length L
(m)
Elastic modulus
E (GPa)
Linear density
l(kg/m)
Drag
coeﬃcient
Cd
Mass
M(kg)
Drag
Fd(N)
9.525 1.013e5 61 100 0.079 1.2 2.526 0.0075P* 1.22
* P=12qaV
2
0 – Dynamic air pressure.
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Fig. 4 shows the steady state conﬁgurations of the generalized model at diﬀerent towing speeds. It has shown
that the cable is almost in a straight line except the last 5 m, where the cable is bent due to the dead weight of
the towed body on the end of the cable. The inclined angle of straight portion of the cable varies from 4.3 at
129 m/s (250 knots) to 15.0 at 39 m/s (75 knots). It should note that the cable slope at the towed body is not
accurate because the towed body is modeled as lumped mass attached to the last node of the cable. Thus, the
total external forces acting on the towed body include not only the towed body’s weight, drag and the cable
tension, but also the equivalent nodal drag force of the last cable element. This problem can be alleviated by
using ﬁne mash near the cable end. Nevertheless, this local and minor error does not aﬀect the global stability
analysis.
The cable tension predicted by the ﬁnite element method at the steady state varies from the towed body to
the tow point. Table 2 shows the cable tension resulting from the interaction of aerodynamic drag force and
gravity at the tow point and the towed body, respectively. Meanwhile, the transverse wave propagation speeds
ðU ¼ ﬃﬃﬃﬃﬃﬃﬃﬃT=lp Þ along the cable are calculated according to the diﬀerent cable tensions. It is noted from Table 2
that the towing speeds, approximately equal to the tangent airﬂow speed relative to the straight portion of-20
-10
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7.4
5.4
39m/s 77m/s 103m/s 129m/s
Fig. 4. Shapes of the tow cable in steady state at diﬀerent tow speeds.
Table 2
Cable tension and the corresponding wave propagation speed along cable
Tow speed V m/s (knots) Tangent airﬂow speed (m/s) Cable tension T (N) Wave propagation speed U ¼ ﬃﬃﬃﬃﬃﬃﬃﬃT=lp (m/s)
Towed body Tow point Towed body Tow point
39 (75) 37.7 25.3 48.2 17.9 24.7
77 (150) 76.4 36.2 84.0 21.4 32.6
103 (200) 102.6 55.0 133.3 26.4 41.1
129 (250) 128.6 80.3 214.2 31.9 52.1
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that any wave traveling downstream along the cable will be pushed downstream by the airﬂow and the wave
magnitude will be ampliﬁed as it absorbs energy from the airﬂow. Eventually, this cable system will become
unstable. On the contrast, if the wave speed traveling downstream is faster than the airﬂow or the wave travels
upstream, the surround air will resist the wave propagation and dissipates the wave energy. Therefore, the
mechanism for the instability is the absorption of energy from the airﬂow when the wave propagation speed
is less than the airﬂow speed.
Based on the above qualitative stability analysis, we can obtain the critical towing speed (Vc) of the general-
ized model by assuming the tangent airﬂow speed (which is approximately the same as the towing speed, see
Table 2) equal to the wave propagation speed, such that, V t  V c ¼ U ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
T=l
p
. This relationship shows that
the cable tension (T) and the linear density of cable (l) are the two critical parameters aﬀecting the stability of
the generalized model. By reducing the linear density of cable (l) and/or increasing the cable tension (T) will
eﬀectively increase the wave propagation speed ðU ¼ ﬃﬃﬃﬃﬃﬃﬃﬃT=lp Þ and thus the stability of the model. However, the
reduction of the linear density of cable is limited by available materials and cannot increase the wave propa-
gation speed signiﬁcantly. Instead, it is more practical and feasible to increase the wave propagation speed by
increasing the towed body’s drag. Based on the rationale, the critical drag of the towed body can be derived
approximately, such that,V c  U ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
T=l
p
T sin b ¼ 1
2
qaV
2
cCdbAb T cos b ¼ W ð24Þwhere Cdb and Ab are the drag coeﬃcient and projected area of the towed body, W is the weight of the towed
body, and b is the angle between the cable tension and the gravity force of the towed body, respectively.
Thus, the critical drag coeﬃcient of the towed body is obtained asCdbAbð Þc ¼
2l
qa
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 W
2
l2V 4c
s
 2l
qa
ð25ÞEq. (25) gives a quick way to determine the stability of an aerial towed cable system. For instance, substituting
the cable’s linear density and air density in Table 1 into above equation, we obtain the critical drag coeﬃcient
for the given towed cable and body system, ðCdbAbÞc ¼ 0:1295, which is much greater than the actual drag
coeﬃcient of the towed body, 0.0075. It indicates that the given system in Table 1 is not aerodynamically sta-
ble and care should be taken to maintain its operational stability.4.2. Dynamic analysis of generalized model to tow point disturbance
4.2.1. Time domain analysis
In addition to the qualitative stability analysis of the generalized model, the dynamic analysis is carried out
in the time domain with a prescribed vertical disturbance at the tow point. Assume the tow point is moving up
and down at a frequency of 3 Hz with the magnitude of 0.5 m in addition to the horizontal towing motion.
The ﬁnite element analyses of the cable were carried out using the same FE model and the same parameters
for time integration as those in Section 4.1. The simulation were done for ﬁve towing speeds, V0 = 39, 77, 103,
129, and 139 m/s (75, 150, 200, 250, and 270 knots), respectively.
The predicted wave propagations along the cable are shown in Fig. 5 at four towing speeds, V0 = 39, 77,
103, and 129 m/s (75, 150, 200, and 250 knots), respectively. Fig. 5a shows the wave propagation downstream
along the cable when towed at 129 m/s (250 knots). The thin line represents the steady state cable, while the
thick line represents the oscillating cable. It can be seen that the wave has been pushed downstream and ener-
gized by the airﬂow because the airﬂow speed is greater than the wave propagation speed. As a result, the
oscillating cable absorbs energy from the airﬂow and the magnitude of the oscillating cable is ampliﬁed as
the wave traveling downstream. Eventually, the cable snaps at the towed body. Fig. 5b–d show the wave prop-
agating along the cable downstream at 103 m/s, 77 m/s, 39 m/s towing speeds, respectively. Similarly, the mag-
nitude of the oscillating cable is ampliﬁed as the wave traveling downstream and eventually the cable snaps at
the towed body. The dynamic analyses in the time domain conﬁrm the conclusion derived from the qualitative
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Fig. 5. Wave propagation along cable downstream towed: (a) 129 m/s (250 knots); (b) 103 m/s (200 knots); (c) 77 m/s (150 knots); (d)
39 m/s (75 knots).
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the wave propagation speed is less than the airﬂow speed.
Fig. 6a shows the vertical oscillations of the towed body relative to its steady state position at ﬁve diﬀerent
towing speeds. It can be seen that there is a high heave of the towed body immediately after the wave passes
through. The magnitude of the heave depends on the towing speed. The ampliﬁcation factor is about 13 at
103 m/s (200 knots) and 4 at 39 m/s (75 knots), respectively. When the tow speed exceeds 103 m/s (200 knots),
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Fig. 6. Oscillations of towed body at diﬀerent tow speeds.
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which clearly indicates the trend of the vertical oscillations. More simulation runs were done with the critical
drag of the towed body and the results are shown in Fig. 7 for three towing speeds, V0 = 39, 77, and 129 m/s
(75, 150, and 250 knots), respectively. As expected, the oscillation at the tow point is not ampliﬁed. For
V0 = 39 m/s, the towed body drafts up by 0.9 m and then oscillates. Its amplitude is about 0.06 m, which is-0.2
0
0.2
0.4
0.6
0.8
1
2 10
Time, Sec.
Ve
rt
ic
al
 d
is
pl
ac
em
en
t, 
m
75kt 150kt 250kt
4 6 8
Fig. 7. Oscillations of towed body at diﬀerent tow speeds with critical drag of the towed body.
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towed body drafts up by 0.3 m and then oscillates. Its amplitude is about 0.13 m, which is 26% of the excita-
tion at tow point.4.2.2. Spectrum analysis
In this section, we conducted the linearized spectrum analyses of the generalized model at the neigh-
borhood of its steady state conﬁgurations in order to examine if the spectrum analysis can be useful in
the stability analysis of the aerial towed cable system. First, the modal analyses of the generalized model
have been done based on the steady state conﬁgurations at four diﬀerent towing speeds, V0 = 39, 77, 103
and 129 m/s (75, 150, 200, and 250 knots), respectively. The modal frequencies of the generalized model
are listed in Table 3. It shows clearly that the modal frequencies depend on the towing speeds as expected.
The higher towing speed results in higher cable tension and correspondingly higher modal frequencies. All
steady state conﬁgurations demonstrate similar modal shapes. Fig. 8 shows the ﬁrst four modal shapes of
the generalized model. It can be seen that the ﬁrst mode is the pendulum mode, the second mode is the
bowing mode, and the rest modes are the wave propagation modes. Second, a broadband spectrum of
vertical displacement (1 m2/Hz over 0–15 Hz range) is applied at the tow point and the frequency
responses of the generalized model have been calculated and listed in Table 3. The response of each mode
to the tow point excitation can be judged by the corresponding eﬀective modal mass. Table 3 indicates
that only the ﬁrst two modes are excited signiﬁcantly. For instance, the eﬀective modal mass of the pen-
dulum mode (1st mode) is greater than 73% of the total mass for all four towing speeds. The modal massTable 3
Frequency responses of the aerial towed system to the excitation at tow point
Mode No. Modal frequency (Hz) Modal mass – Vertical (%)
39 m/s 77 m/s 103 m/s 129 m/s 39 m/s 77 m/s 103 m/s 129 m/s
1 0.06 0.08 0.10 0.12 73.38 77.21 77.56 77.73
2 0.20 0.25 0.31 0.38 12.06 11.34 11.48 11.55
3 0.34 0.46 0.57 0.70 0.92 2.99 3.33 3.48
4 0.49 0.67 0.84 1.02 4.03 2.18 1.95 1.85
5 0.66 0.88 1.11 1.36 0.26 0.58 0.77 0.87
6 0.86 1.11 1.39 1.70 1.38 1.03 0.82 0.73
7 1.06 1.35 1.68 2.05 0.15 0.23 0.31 0.37
8 1.28 1.59 1.98 2.41 0.62 0.56 0.45 0.39
9 1.51 1.86 2.29 2.78 0.09 0.12 0.16 0.20
10 1.75 2.13 2.62 3.16 0.33 0.33 0.28 0.24
Pendulum Mode (1st)
Bowing Mode (2nd)
Vibration Mode (3rd)
Vibration Mode (4th)
Fig. 8. First four modal shapes of generalized model.
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towing speed, the higher the cable tension and then the more rigid the generalized model. As a result,
more mass has been excited in the ﬁrst mode. The modal mass of the bowing mode (2nd mode) is greater
than 12% of the total mass for all four towing speeds. Unlike the pendulum mode, its modal mass
decreases as the towing speed increases because more mass has been excited under the pendulum mode
at a higher towing speed. The total eﬀective modal mass of the ﬁrst and second modes is greater than
85% of the total mass in all cases. Therefore, the rest wave propagation modes can be neglected because
their eﬀects are not signiﬁcant. Fig. 9 shows the power density of the vertical response displacement of the
towed body. It shows that the excited displacement of the towed body diminishes beyond the second
mode (ranging from 0.2 Hz at 39 m/s to 0.38 Hz at 129 m/s, respectively). It suggests that the generalized
model will be stable when subjected to a 3 Hz vertical excitation at tow point, which contradicts with the
unstable motion demonstrated in the time domain analysis in Section 4.2.1. This is because the linearized
modal spectrum analysis at the neighborhood of steady state conﬁguration of the generalized model
ignores the nonlinear dynamic interaction between the cable motion and the airﬂow. Therefore, it is con-
cluded that the modal spectrum analysis is inappropriate for the dynamic stability analysis of the aerial
cable towed system. Instead, the nonlinear time domain analysis shall be carried out in analyzing the sta-
bility of such a system.4.3. Dynamic analysis of generalized model subjected to vortex wake
The aerial cable towed system will inevitably be aﬀected by the vortex wake behind the towing aircraft.
Depending on its relative length, the system may behave diﬀerently. The vortex wake behind the tanker air-
craft usually consists of two parts: the wake due to the aircraft and the wake due to the pod. To characterize
how the vortex wake aﬀects the dynamics of generalized model, we consider only a single semi-inﬁnite vortex
ﬁlament, starting from the tow point and horizontally trailing behind. The strength and the vorticity of the
vortex are assumed asC ¼ 98 m2=s x ¼ 570 rad=s ð26Þwhere C and x are the strength and vorticity of the vortex, respectively. Accordingly, the vortex-induced
velocity can be calculated by the Biot–Savart law, such that,V ¼
C
4pr if r P r0
xr if r < r0
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Fig. 9. Power density spectrum of vertical displacement of the towed body.
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Within the vortex core, the Biot–Savart law is not applicable because it predicts an inﬁnite velocity at the
vortex ﬁlament. Instead, the air is assumed to behave like a rigid body in the vortex core due to the viscosity
of air.
The vortex eﬀect on the dynamics of the generalized model is studied for diﬀerent cable lengths at the tow-
ing speed of 129 m/s (250 knot). The cable lengths considered are 1 m, 2 m, 5 m, 10 m and 50 m, respectively.
The normalized slenderness ratios, k = TL2/EI, are 2, 8, 50, 200, 5000, respectively. Depending on the cable
length, the cable was modeled by diﬀerent numbers of curved beam elements. For instance, eight curved beam
elements were used to discretize the cables of 1, 2 and 5-m long. The cables of 10 and 50 m were discretized by
20 and 30 curved beam elements, respectively.
The responses of the cable are shown in Fig. 10. It can be seen that the cable tries to orbit with the vortex
ﬁlament. For a short cable (k < 8.0), the cable orbits with the vortex ﬁlament like a rigid bar due to the stiﬀ-
ening eﬀect of the cable tension. This is evident by the ﬁeld observation (Vassberg et al., 2002). As the slen-
derness ratio increases, the cable is no longer straight. For slenderness ratio k = 50, the cable orbits around the
vortex ﬁlament like a bow. Beyond k = 50, there is no clear orbiting behavior. The cable oscillates around the
vortex ﬁlament in a spiral curve.ω
ω
ω
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Rear View
Side View
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Rear View
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Fig. 10. Shapes of diﬀerent length of cable towed at 129 m/s (250 knots).
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The aerial refueling hose-and-drogue system is a special case of a generalized aerial cable towed system,
which includes a towing aircraft and a refueling hose with a towed body on the end of the cable. A generalized
model of the aerial cable towed system is discussed and the pertinent parameters related to the stability of the
generalized model are studied. The eﬀect of pertinent parameters on the dynamic behavior and stability of the
generalized model such as the cable tension, disturbance at tow point and vortex wake are studied using an
accurate and computationally eﬃcient three-noded, curved beam element. The analysis results show that
the conventional modal and spectrum analysis method is inappropriate for the dynamic stability analysis of
the aerial cable towed system. This is because the mechanism of instability due to the disturbance at the
tow point is not the resonance of the aerial cable towed system. Instead, it is the wave/disturbance absorbs
energy from the airﬂow as it travels downstream from the tow point, if the propagation speed is less than
the airﬂow speed. Therefore, the dynamic analysis in the time domain is necessary to characterize the dynamic
behavior of the aerial cable towed system. The study also demonstrates that the vortex wake has a signiﬁcant
impact on the dynamics of the aerial cable towed system. The short cable system will orbit with the vortex and
the orbiting behavior will decay as the cable length increases.References
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